Transition metal oxides are found to have overwhelming applications in energy, electronics, catalytic, and bio-and micromechanical systems. A recent report emphasized the current advancements in molybdenum oxide (MoO x ) nanowire synthesis and the corresponding surface-functionalized nanostructured materials based on our previously reported investigations. The preparation of the nanowires and their applications were systematically summarized. MoO x nanowires combined with substrates exhibited remarkable performances for high energy storage and power densities with high stability. In addition, the review concluded the future advancements of MoO x nanowires.
Introduction
The oxides of transition metals have become a remarkable and rapidly growing research area in widening the interconnection between physical and engineering sciences [1] . Nanostructure materials show various exciting physical phenomena in different scales of the building block advancements, such as the dimension effect, catalytic, quantum conductance and coulomb blockades [2] [3] [4] . Nanowires are one of these building blocks that possess several distinct and practical properties, such as a well-controlled dimensional composition, electronic radial transport, and crystallinity; this helps to organize the nanoscale building blocks into assemblies and, ultimately, to useful systems.
There has been increasing attention to nanowires of metals and related oxides due to their remarkable applications in electronics, optoelectronic devices [5] , sensors and biosystems [6, 7] . Among them, molybdenum oxides (MoO x ) have received great interests of industries and researchers owing to their special structural properties. They are found in different stoichiometries, ranging from full stoichiometric MoO 3 , which features a wide bandgap (> 2.7 eV), to more conducting reduced oxides in the form of MoO 3−x (2 < x < 3) and eventually semi-metallic MoO 2 with a significantly reduced bandgap [8, 9] . By regulating the growth and assembly, it can provide numerous contributions to various nanoscale devices such as Li- Recently, there have been few reviews that methodically show the current research progress in MoO x materials including MoO x fibers and nanowires. In this short review, we emphasized the current advancements in MoO x nanomaterial synthesis and the corresponding functionalized nanostructured materials based on our previously reported investigations [11] .
Synthesis
Various molybdenum-based compounds including molybdenum sulfides, silicates, and selenium oxides have been extensively reported for a number of applications [12] . MoO x nanomaterials have also been derived from various synthesis approaches and precursors. Xiao et al. [13] prepared MoO x from commercially available MoS 2 quantum dots (QDs) and hydrogen peroxide following the one-pot synthesis method (Fig. 1 ). The obtained MoO x QDs exhibited effective photoluminescent and new off-on sensor applications.
The template synthesis and step-edge decoration are the two most successful strategies that were employed to design metal nanowires [14] . Templates such as organic nanotube arrays [15] , macroporous membranes [16] , deoxyribonucleic acid (DNA) [17] , and carbon nanotubes [18] were applied for synthesis applications. However, only during the last few years researchers have looked into MoO x nanowire/ fiber preparation. The liquid phase approach is a traditional method for synthesizing various MoO x nanowires; typical synthesis approaches including the hydrothermal/solvothermal method, vapor deposition, and sonochemical strategy are mostly introduced for synthesis methods [19] [20] [21] [22] . Ghorai et al. [23] designed bismuth molybdate (α-Bi 2 Mo 3 O 12 phase) nanowires using a pyridine intercalative sonochemical route. The hydrothermal/solvothermal method with numerous advantages (such as low cost and ease for large production) is employed for the one-pot synthesis of 1D, 2D and 3D MoO x nanostructures. Dong et al. [24] prepared large-scale and regular bunched lead molybdate nanowires (length of ~ 300-500 μm, width of ~ 230-280 nm and thickness of ~ 90-110 nm) by a vertically supported liquid membrane system with the presence of ethylenediamine at room temperature. The morphology of each nanostructure can depend on the temperature, pH value, pressure, as well as the solvent and surfactants. For instance, the surfactants in 1D, 2D and 3D can stabilize the nanodots with tiny sizes and specific high-energy facets. Similarly, a template-assisted approach including soft and hard template is the most efficient strategy to design MoO x micro-/nanostructures with a regulated size and morphology. Porous MoO 2 nanowires are readily designed using flexible carbon cloth via the thermal treatment of MoO 3 nanowires under an H 2 atmosphere [25] . The prepared MoO 2 nanowire displays a significant capacitance of 424.4 mF cm −2 with outstanding electrochemical reliability and without any capacitance decay after 10,000 cycles at different scanning rates.
Zach et al. [26] used the electrodeposition method with a stepped graphite surface to prepare MoO x nanowires ranging from 20 to 1.3 μm in diameter for the first time and found metallic molybdenum nanowires by a further reduction in hydrogen. The nanowires were parallel to the substrate surface. Zhou et al. [5] also synthesized MoO 2 via thermal evaporation in a vacuum chamber and obtained a vertically aligned nanowire on the silicon substrate with high large area coverage. With further treatment in the chamber (400 °C, Argon gas), MoO 2 was completely transformed into MoO 3 nanowires. While increasing the temperature to 800 °C (with hydrogen gas), MoO 2 was changed to metallic molybdenum. Figure 2a -f shows the X-ray diffraction (XRD) and scanning electron microscopy (SEM) images of MoO 2 , MoO 3, and metallic Mo.
Meanwhile, carbon nanotubes were employed as the template to prepare α-MoO 3 nanowires (5-15 nm) [12] . After that, diverse approaches were developed to design and rationally prepare MoO x nanowires with predictable control over the key structural, chemical and physical properties. 3D hierarchical MoO 3 nanostructures were also prepared by controlling the pH value of the reaction environment using a VO 2 nanoarray template with a similar crystal elemental structure. Figure 3a , b show the morphologies of the VO 2 nanoarray template and MoO 3 nanostructures. Figure 3c displays the schematic illustration of the nanostructure synthesis in which the VO 2 nanoarray was gradually dissolved in HCl and changed into VO 2 + ·5H 2 O. By further protonating MoO 4 2− , MoO 3 was formed on the surface of the VO 2 nanostructure [27] .
Vogl et al. [28] presented an in situ synthesis and controlled thermal oxidation of exfoliated MoS 2 flakes to grow MoO 2 nanowires. The obtained nanowire is a functional device in 1D-oxide/2D-chalcogenide hybrids. The in situ synthesis in the light microscopy not only manages and optimizes the processing parameters, but also is applicable to investigate the kinetics of the oxidation reactions. The conversion of chalcogenides into oxides is not only interesting in terms of the integration of both material classes with each other, but also a valuable approach to construct nanostructures with excellent functional properties. Recently, different shapes and sizes of MoO x nanowires were also prepared via the reactive sputtering method. Park et al. [29] demonstrated the reactive direct current (DC) sputtering technique to grow pin-like crystalline MoO 3 nanowires, while they are changed to nanowires by increasing the temperature from 400 to 500 °C. With further raising the temperature to 600 °C, the nanowires were transformed into a rough film. Similarly, the length of the nanowires was increased by performing the deposition for a longer time. Figure 4 shows the schematic illustration of the nanowire growth condition with the respective shape and sized MoO 3 nanostructures.
Functional modification of MoO x nanowires
Modifying the surface of MoO x nanomaterials with various materials including metal nanoparticles such as Ag could enhance the performances of nanomaterials. Our group designed simultaneous integration of Ag NPs on MoO 3 NFs via a one-pot redox synthesis strategy following Fig. 5 , as represented in the ion-exchange process (Eq. 1) and hydrothermal treatment route (Eq. 2). 
→ Ag nanoparticles -on -MoO 3 nanofibers
The TEM images (Fig. 6a, b ) and HRTEM image ( Fig. 6c ) confirmed that Ag NPs had regularly scattered across the whole surface of the MoO 3 NFs [30] . Furthermore, Au-decorated MnO 2 nanowires displayed enhanced performance toward supercapacitor applications due to the increased defects, surface area and increase in the capacity toward charge storage [31] . Shakir et al. [32] synthesized tin oxide-coated molybdenum oxide nanowires (SnO 2 /MoO 3 ) via hydrothermal and wet chemical routes. The resulted nanowire composite exhibited improved specific capacitance with high durability.
On the other hand, to overcome the phase transformation and radical volume expansion of MoO x materials during the electrochemical energy storage (charge/discharge) process, NPs were combined with carbon materials including exfoliated graphene oxide (GO) [33] , carbon nanospheres [34] , carbon [35] , expanded graphite [36] , reduced graphene oxide (rGO) [37] [38] [39] and metal oxides [40, 41] . The resulting composite materials exhibited outstanding electrochemical performances with a reversible capacity owing to the formation of suitable ion transfer pathways. Similarly, the MoO 3 nanowire decay can also be stabilized via applying electrolytes such as quasi-solid-state poly(vinyl alcohol) (PVA)/ZnCl 2 gel during the charging/discharging cycles, and thereby employing as the Zn 2+ storage electrode with ultrahigh-capacity cathode for rechargeable Zn ion batteries [42] . Nanowire composites are also further modified with additional materials such as high thermal conductive materials (graphene sheet) for improved supercapacitors. Shaheen et al. [43] designed a ternary nanocomposite of MoO 3 nanowires coated with a thin carbon layer, which is intertwined with GO via a facile bottom-up approach (Fig. 7) . The synergistic effect of the constituents revealed high specific capacitance and excellent reliability, compared to the In the study by Liang et al. [45] , ultralong MoO 3 nanowires were designed based on the hydrothermal synthesis approach using the HNO 3 solution having (NH 4 ) 6 Mo 7 O 24 ·4H 2 O and l-aspartic acid (C 4 H 7 NO 4 ). The nanowires mixed with carbon nanotubes (MoO 3 @CNT) showed the enhanced specific capacitance (up to 125.4%) and high efficiency during cycling, compared to MoO 3 electrodes in the same measurement condition. This is due to the high electronic conductivity of CNT. Graphene@NiO/MoO 3 composites were also prepared on the nickel foam via a onestep hydrothermal method (Fig. 8a) . The SEM, HR-TEM and electron diffraction pattern confirmed the formation of graphene@NiO/MoO 3 in which thin sheets were observed due to the introduction of graphene (Fig. 8b,c) . The synergy of NiO and MoO 3 provided the composite with high supercapacitor performances [46] .
Huang et al. [47] synthesized 1D MoO 3−x /g-C 3 N 4 for photocatalysis activity by incorporating oxygen vacancies (Fig. 9 ). The obtained composite exhibited an effective methylene orange degradation under visible light-emitting diode irradiation. The oxygen vacancy played a prominent role in facilitating the separation of electron-hole pairs as the electron mediator, while 1D MoO 3−x improves the lifetime of charge carriers.
Potential applications
MoO x nanowires played remarkable functions in various areas including energy storage, photocatalysis, electronic transport, field-emission displays, and photodetection [2] . For instance, the direct growth of nano-MnO 2 arrays and MoO 2 @C nanofilms on the 1D current collector revealed the high electron transport and ion diffusion efficiency [48] . Furthermore, the hetero-nanostructured Ag-MoO 3 nanowire film performed an efficient catalytic activity for the epoxidation of cis-cyclooctene and enhanced its sensing performance to hydrogen and oxygen at room temperature [30] . Gu et al. [49] Sarfraz et al. [50] prepared single-crystalline molybdenum oxide nanowires for electrochemical supercapacitors in ethyl ammonium nitrate electrolyte, and thus revealed high specific capacitance with outstanding cycling stability over 3000 cycles. Meanwhile, MoO x -based organic-inorganic hybrid nanowires exhibited potential applications including sensing, optical data storage, and cosmetics [51] . In the study by Meduri et al. [52] , MoO x nanowires were developed by a chemical vapor deposition approach. The With further Si coating, the MoO 3-x nanowire showed a high energy storage capacity (~ 780 mAh g −1 ), which is favorable for lithium-ion batteries. Additionally, the binary tungsten-molybdenum oxides were derived via a facile one-step hydrothermal method which exhibited a promising electrode material for energy storage systems. Further combined with Polygoni Multiflori Caulis-based honeycomb-like carbon as a positive electrode, the obtained composite displayed high energy density, capacitance retention, and cycling stability [53] . Recently, Hu et al. [54] fabricated the K 2 Mo 4 O 13 /α-MoO 3 (KMO)nanorods composite with high aspect ratios and uniform morphologies following the sonochemical method. The obtained KMO revealed high electrochemical properties in lithium-ion batteries and distinctive pseudocapacitance in sodium-ion batteries compared with pure MoO 3 .
Conclusion and outlook
This short review provides the recent development of designing, syntheses and fundamental applications of molybdenum oxide nanomaterials. Many potential investigations including our research group's works reported that nanomaterials (nanowires/nanofibers) were employed for various functional building blocks for supercapacitors, catalysis, field For real technical development, future researches need to consider the crystal quality of nanomaterials and compounding techniques for nanowire-based composites for tuning structural, physical, and chemical characteristics. Thereby, the diverse nanostructures of MoO x improves its specific applications such as energy storage, smart windows, and electrochemical devices. In addition, regulating the synthesis of MoO x nanowires in the composites with organic and inorganic substrates is the forthcoming research theme. The recent advancement of science and technology opens a myriad of prospects for novel nanomaterial production based on MoO x nanowires. The future in the field is bright, and MoO x nanowires show the remarkable expansion in hightech industries and innovation centers.
